Abstract. The Indonesian Seas separating the Indian Ocean from the West Pacific Ocean are representative regions of strong tidal mixing in the world oceans. In the present study, we first carry out numerical simulation of the barotropic tidal elevation field in the Indonesian Seas using horizontally two-dimensional primitive equation model. It is found that, to reproduce realistic tidal elevations in the Indonesian Seas, the energy lost by the incoming barotropic tides to internal waves within the Indonesian seas should be taken into account. The numerical experiments show that the model predicted tidal elevations in the Indonesian Seas best fit the observed data when we take into account the baroclinic energy conversion in the Indonesian Seas~86.1 GW for the M 2 tidal constituent and~134.6 GW for the major four tidal constituents (M 2 , S 2 , K 1 , O 1 ). For this baroclinic energy conversion, the value of Kñ averaged within the eastern area (Halmahera, Seram, Banda and Maluku Seas), the western area (Makassar and Flores Seas), and the southern area , respectively. This value is about 1 order of magnitude more than assumed for the Indonesian Seas in previous ocean general circulation models. We offer this study as a warning against using diapycnal diffusivity just as a tuning parameter to reproduce largescale phenomena.
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The Indonesian Seas are among the most significant generation regions of the internal tide in the world's oceans. The area is characterized by strong barotropic tidal currents [Hatayama, 1996] as well as prominent topographic features and 20-150 GW of M2 barotropic to baroclinic energy conversion is expected to occur [Niwa and Hibiya, 2001; Egbert and Ray, 2001; Simmons et al., 2004; Larrouy et al., 2007] . Internal tides generated by tide-topography interactions then break causing vigorous diapycnal mixing. Indeed, using an advection-diffusion model and archived data, a large diapycnal diffusivity exceeding 1 × 10-4 m2 s-1 is inferred for the Indonesian thermocline [Ffield and Gordon, 1992; Gordon, 1986] .
The transformation of water mass properties taking place in the Indonesian Seas is important not only for local phenomena but also for global ocean heat and mass budgets.
The Indonesian Throughflow (ITF) connects the main thermocline waters in the Pacific and Indian Oceans. The ITF transports relatively warm, low salinity thermocline water from the western Pacific Ocean through the multitude of the Indonesian Seas and straits, to the Indian Ocean [Gordon, 1986; Hirst and Godfrey, 1993; Miyama et al., 1995; Schiller et al., 1998 ]. Diapycnal mixing within the Indonesian Seas significantly alters the thermohaline stratification and the velocity profile of the ITF [Ffield and Gordon, 1992; Gordon et al., 1994] . For example, as the ITF carries North Pacific thermocline water from the Sulawesi Sea to the Makassar Strait and Flores Sea, then to the Banda Sea and Timor Sea, the salinity minimum at 300 db are greatly attenuated [Ffield and Gordon, 1992] . Water mass transformation in the Indonesian Seas then affects global ocean circulation. For example, Schiller et al. [1998] carried out a numerical experiment using an ocean general circulation model to show that temperature and salinity distributions in the Indian Ocean are subject to large diapycnal diffusivity in the Indonesian Seas [Ffield and Gordon, 1996] . Although vigorous diapycnal mixing in the Indonesian Seas is thus an important physical process, quantitative estimates of its intensity have not been carried out. The tidal energy available for mixing processes has also not yet been reliably determined [Ray et al., 2005] . Although Hatayama [2004] carried out vertically twodimensional numerical experiments to demonstrate that breaking of large amplitude internal waves at Dewakang Sill in the southern Makassar Strait can produce large diapycnal diffusivity ~60 × 10-4 m2s-1, spatial distribution of "mixing hot spots" in the Indonesian Seas has not been clarified yet.
In the present study, we first show that, to reproduce realistic tidal elevations in the Indonesian Seas and surrounding region, the energy lost by incoming barotropic tides to internal waves within the Indonesia Seas should be taken into account. Next, the diapycnal diffusivity in the Indonesian Seas is quantitatively estimated in terms of the model predicted baroclinic energy conversion. In this study, we mainly focus on the most dominant M2 tidal constituent [Hatayama et al., 1996] , although the results of numerical experiments for other major tidal constituents (K1, O1, and S2) are also discussed briefly.
Numerical Experiments
The model region in this study extends from 92oE to 142oE in longitudinal direction and from 20oS to 23oN in latitudinal direction (Figure 1 ). This covers the entire Indonesian Seas and surrounding region. The open boundaries are assumed sufficiently away from the Indonesian Seas to prevent the tidal field in the Indonesian Seas from being disturbed by the reflected waves from the open boundaries. The governing equations are the horizontally two-dimensional, depthintegrated Navier-Stokes equations in Cartesians coordinate system given by
where t is time; x and y are defined positive eastward and northward, respectively; u and v are the depthaveraged velocities in the x and y directions, respectively; f=2 : sin ö is the Coriolis frequency with : the angular velocity of the Earth's rotation and ö latitude; g is the acceleration due to gravity; h is the free surface elevation; D=H+h with H the local ocean depth; z is the forcing equilibrium tide;
b multiplyingz is the effective Earth elasticity which is assumed to be 0.693 for the M 2 and 0.736 for the K 1 tidal constituent following Kantha [1995] ; SAL h is self-attraction/loading term induced by ocean tide which was calculated from the global ocean tidal model by Matsumoto et al. [2000] . The bottom stress is parameterized using quadratic law with a bottom drag coefficient C d = 0.0025. F x and F y are horizontal viscosity terms given by
with A H the horizontal eddy viscosity coefficient determined following Smagorinsky [1963] .
The governing equations (1)-(3) are numerically solved using a finite difference method. The grid size is (1/15) o both in the longitudinal and latidunal directions. The model topography is obtained by averaging the bathymetric data from "GEBCO" within a 10 km radius at each grid point.
[10] A slip boundary condition is assumed along the land boundaries. At the open boundaries, tidal elevations are specified on the basis of the calculated results of Matsumoto et al. [2000] . The model is thus driven by these boundaries forcing as well as tidal potential forcing.
The model is driven for 15 days from an initial state at rest for semidiurnal and diurnal tides, by which time the model ocean attains quasistationary oscillations. The calculated time series for the final four tidal periods are harmonically analyzed to obtain the amplitude and phase of each tidal constituent. For the energy balance calculation, the data averaged over final one tidal period is used.
Tidal Elevation Field in the Indonesian Seas
Coamplitude and cophase charts for the M 2 tidal constituent are given in Figure 2 and 3, respectively. The spatial patterns of coamplitude and cophase charts are qualitatively consistent with those from previous numerical studies [Hatayama et al., 1996; Ray et al., 2005] . The M 2 tide response is clearly dominated by the large tide from the Indian Ocean, where amplitudes are well over one meter off northwest Australia. This wave is delayed slightly (about 2 hours) as it passes into the Banda and Flores Seas. Those seas are sufficiently deep that high tide occurs almost simultaneously throughout both basins. From the Banda Sea, the M 2 tide passes slowly northwards through the Molucca Sea region. From the Flores Sea, it propagates slowly northwards into Makassar Strait and westwards across the Java Sea.
The calculated tidal elevations are now compared with the observed data. The observed data used here are tidal harmonic data from international coastal tide gauges records provided by K. Matsumoto and Department Earth and Planetary Science, University of Tokyo. Figure 4 shows the spatial distributions of the tide gauges stations in Indonesian Seas and adjacent areas. The observed data were taken from 174 coastal tide gauge stations for the major four tidal constituents (M 2 , S 2 , K 1 , O 1 ). The names and locations of each station are described in appendix. We calculate the root mean-square (RMS) difference defined as (6) where T is the tidal period; w is the frequency; h and q are the amplitude and the phase, respectively; and subscripts obs and mod represent the observed and calculated harmonic constants, respectively. Figure 5 shows the RMS difference between the calculated and observed tidal elevations. The RMS difference between the models predicted tidal elevations and observed data in the Indonesian Seas averages at 11.18 cm. This value is almost the same as those of previous numerical studies (for example, the average of RMS difference of Hatayama et al. [1996] is 11.2 cm). 
Figure 5. RMS difference between the models predicted tidal elevations and observed data.
Parameterization for the Baroclinic Energy Conversion
As mentioned before, large amount of incoming barotropic tidal energy is lost by the baroclinic energy conversion in the Indonesian Seas [Niwa and Hibiya, 2001; Egbert and Ray, 2001] . In order to reproduce accurate tidal elevations in the Indonesian Seas, the momentum equations (2) and (3) are modified to include the drag stress term associated with upward baroclinic energy flux in a manner similar to those of Jayne and St. Laurent [2001] and Tanaka et al. [2007] .
Using a standard internal wave relationship, the upward energy flux over rough bottom topography can be expressed as (7) where N is the buoyancy frequency; and w is the vertical velocity associated with the upward propagating internal waves with horizontal wave number k and frequency ? [Gill, 1982; St. Laurent and Garrett, 2002] . Strictly speaking, however, this expression is valid only for small scale topographic features and not for prominent topographic features found in the Indonesian Seas.
Since the area of concern is near the equator so that 0 @ f , and N is much larger than the semidiurnal and/or diurnal tidal frequencies, the vertical energy flux (7) can be simplified to (8) Equation (8) 
International Journal of Remote Sensing and Earth Sciences Vol. 7, 2010 evaluated at the ocean bottom. w at the ocean bottom is approximately given by (9) The drag stress term parameterizing the baroclinic energy conversion is then given by (10) (11) where N b is the buoyancy frequency at the ocean bottom which is calculated from a climatology of salinity [Levitus et al., 1994] and temperature [Levitus and Boyer, 1994] . Equations (10) and (11) are incorporated into the momentum equations (2) and (3).
Following Jayne and St. Laurent [2001] and Tanaka et al. [2007] , horizontal wave number k is regarded here as a tuning parameter to find the most accurate tidal elevation field in the Indonesian Seas. It is also expected for the parameter k to compensate possible errors brought by several ambiguous assumptions in this parameterization such as somewhat crude incorporation of bottom boundary condition.
Figures 6, 7 and 8 show the result of numerical experiment where the drag stress terms with the optimal value of k=2ð/(100 km) are incorporated into momentum equations. We find that the RMS difference averaged in the Indonesian Seas for numerical experiment with parameterization can be reduced down to 6.30 cm, which is about half of the RMS difference for numerical experiment without parameterization (11.18 cm).
The results for the other three major tidal constituents (S 2 , K 1, O 1 ) are summarized in Table 1 . We can see that after incorporating the parameterization (10) and (11), the spatially averaged RMS difference is reduced by a factor of two for each tidal constituent. 
Estimates of Energy Lost by the Barotropic Tides to Internal Waves
On the basis of the calculated result in the previous section, we can estimate the energy lost by the barotropic tides to internal waves in the Indonesian Seas.
Equations (1) - (3) can be combined into a single energy conservation equation given by (12) where Dis H denotes the energy dissipation associated with the horizontal viscosity. Figure 9 shows the spatial distribution of the sixth term on the right-hand side of equation (12) which represents the energy conversion from barotropic tides to internal waves. We can see that a large amount of energy is fed into internal waves in the Indonesian Seas especially over the ITF region with a series of large, deep, semi enclosed-basins connected via narrow straits. Three main regions of large energy conversion in the ITF routes can be distinguished on the map. The energy conversion for entrance routes of ITF is represented by energy distributions in the eastern (A) and western (B) areas. Exit routes are represented by southern area (C). Table 2 shows the estimates of each term in equation (12) integrated within the white rectangles in Figure 9 . We can see that energy conversion from barotropic tides to internal waves reaches~51.9 GW in the eastern area (Halmahera, Seram, Banda and Maluku Seas),~7.5 GW in the western area (Makassar and Flores Seas), and~26.7 GW in the southern area (Lombok Strait and Timor Passage). The spatial distribution of energy conversion in the entrance and exit routes of ITF is therefore highly heterogeneous. The results show A. B and C areas are "hot-spot" for internal waves generation with clear differences with other parts in the Indonesian Seas.
The results for the other three major tidal constituents (S 2 , K 1, O 1 ) are summarized in Table 3 . The total energy conversion from barotropic tides to internal waves in the whole Indonesian Seas reaches~134.6 GW.
. Model predicted distribution of the energy conversion rate from the barotropic tides to internal waves. The energy balance shown in Table 2 is examined within the white rectangles. ) is related to the convergence of upward energy flux of internal waves emanating from the bottom topography. In the present study, the expression of å follows St. Laurent et al. [2002] and Tanaka et al. [2007] such that (13) where E(x,y) (W m -2 ) is the baroclinic energy conversion, q is the local dissipation efficiency, namely, the fraction of energy likely to dissipate locally by turbulent processes, and F(z) (m -1 ) represents the depth dependence of dissipation rates satisfying (14) Following St. Laurent et al. [2002] and Tanaka et al. [2007] , we assume (15) with ?=500 m. Although q=0.3 is suggested as an upper bound "local dissipation efficiency" for the semidiurnal internal tides [St. Laurent and Garrett, 2002; Klymak et al., 2006; Legg and Huijts, 2006] , there is no definite general information on the value of q. Bearing in mind that there must be large uncertainty of the value of q, we employ here a crude assumption of q=0.3 for both the semidiurnal and diurnal internal tides.
The diapycnal diffusivity is estimated following Osborn [1980] , namely, (16) where ã is the mixing efficiency assumed to be 0.2 [Osborn, 1980] . Figure 10 shows the distribution of diapycnal diffusivity K ñ vertically averaged throughout the water column. As in Figure 9 , three main regions of high diapycnal diffusivity value can be distinguished. We can see that the distribution of K ñ is close to the distribution of energy conversion on the , respectively. Figure 10 . Distribution of diapycnal diffusivity vertically averaged throughout the water column.
Summary and Discussion
In the present study, quantitative estimates of diapycnal diffusivity in the Indonesian Seas have been carried out. For this purpose, we have paid attention to the result of numerical experiment that, to reproduce realistic tidal elevation field in the Indonesian Seas and surrounding regions, the energy lost by the incoming barotropic tides to internal waves within the Indonesian Seas should be taken into account.
We have parameterized this baroclinic energy conversion in terms of drag stress terms which are incorporated into the momentum equations. It has been shown that the model predicted tidal elevations in the Indonesian Seas best fit the observed data when we take into account the baroclinic energy conversion in the Indonesian Seas~86.1 GW for the M 2 tidal constituent and~134.6 GW for the major four tidal constituents (M 2 , S 2 , K 1 , O 1 ).
On the basis of this energy conversion, we have estimated diapycnal diffusivity. It has been shown that the value of K ñ vary from a few 10 -4 m There are some limitations with the numerical approach in the present study. Most serious one may be found in the oversimplified parameterization for the baroclinic energy conversion. For more accurate estimates of diapycnal diffusivity in the Indonesian Seas, a sophisticated parameterization better suited for prominent topographic features is
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Not only the averaged value but also the spatial distributions of Kñ revealed in the present study are very different from those assumed in the previous ocean general circulation models [Schiller et al., 1998 ]. Diapycnal mixing in the Indonesian Seas is known to have great impacts on large scale circulation and water mass properties not only in the Indonesian Seas but also in the Indian Ocean. We believe that the spatial distribution of Kñ revealed here, therefore, must be taken into account in the future numerical models in order to better understand the global ocean circulation. 
